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Abstract
Osteoporosis, characterized by low levels of bone mineral density (BMD), is a prevalent medical
condition in humans. We investigated its genetic and environmental basis by searching for
quantitative trait loci (QTLs) affecting six skeletal (including three BMD) traits in a G10 advanced
intercross population produced from crosses of mice from the inbred strain C57BL/6J with mice
from a strain selected for high voluntary wheel running. The mice in this population were fed
either a high-fat or a matched control diet throughout the study, allowing us to test for QTL by diet
interactions for the skeletal traits. Our genome scan uncovered a number of QTLs, the great
majority of which were different from QTLs previously found for these same traits in an earlier
(G4) generation of the same intercross. Further, the confidence intervals for the skeletal trait QTLs
were reduced from an average of 18.5 Mb in the G4 population to an equivalent of about 9 Mb in
the G10 population. We uncovered a total of 50 QTLs representing 32 separate genomic sites
affecting these traits, with a distal region on chromosome 1 harboring several QTLs with large
effects on the BMD traits. One QTL was located on chromosome 5 at 4.0 Mb with a confidence
interval spanning from 4.0 to 4.6 Mb. Only three protein coding genes reside in this interval, and
one of these, Cyp51, is an attractive candidate as others have shown that developing Cyp51
knockout embryos exhibit shortened and bowed limbs and synotosis of the femur and tibia.
Several QTLs showed significant interactions with sex, although only two QTLs interacted with
diet, both affecting only mice fed the high-fat diet.
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Osteoporosis, characterized by low levels of bone mineral density (BMD), is a prevalent
bone disease that exacts a considerable medical and financial toll on human society [1–3].
As a consequence, many studies have been devoted to elucidating the genetic and
environmental basis of BMD and other measures of bone mass [4–8]. These investigations
have shown that there is strong genetic control of osteoporosis [6,9], with heritability
estimates for BMD typically varying from 0.6 to 0.8 [10–13] or even higher [14]. Consistent
with this, increasing numbers of osteoporosis susceptibility genes have been identified in
humans [15], although thus far their collective impact appears to be quite small [16].
Rodent models have proven particularly useful in investigating the genetics of BMD [17–
20] and various measures of skeletal architecture [21,22]. For example, Ackert-Bicknell et
al. [23] analyzed data from 11 different mouse studies, and identified 155 quantitative trait
loci (QTLs) for BMD scattered throughout the genome. These investigators also found that
26 of 28 human BMD loci discovered via genome-wide association studies were concordant
with mouse BMD QTLs [23]. Some candidate genes have emerged from fine-mapping of
mouse BMD QTLs [18,24], and efforts are being made to understand the mechanisms by
which they influence bone density [25,26].
While many genes have been identified that may affect BMD levels, little is known about
their potential interactions with any of a host of environmental factors such as smoking,
alcoholism, diet, calcium intake, and physical activity [6]. There have been reports
suggesting that the effects of genes for BMD may be modified by diet [for example, 27–29],
but so far as is known, there has not been a comprehensive genome scan aimed at
uncovering interactions of BMD genes with dietary differences. If interactions of BMD
genes with factors such as diet prove to be extensive, it would suggest that the effects of
these genes will need to be viewed in the context of the environment in which they operate.
In this study, we searched for QTLs affecting six skeletal (including three BMD) traits in a
G10 advanced intercross population produced from crosses of mice with a genetic
predisposition to dietary-induced obesity (C57BL/6J) with those in a strain selected for high
voluntary wheel running. As detailed below, we were successful in discovering a number of
QTLs for these skeletal traits, with the mapping precision enhanced by the accumulated
recombinations in the G10 population. Farber et al. [22] previously found a number of QTLs
for these traits in G4 mice from this same cross, and it therefore was of interest to compare
our results with theirs to assess the extent of QTL replication. Because the G10 mice were
fed either of two (control or high-fat) diets, it also was possible to test whether diet modified
the effects of the QTLs on the skeletal traits.
2. Materials and methods
2.1 The population, phenotyping, and genotyping
We recently completed a QTL analysis of several body weight and composition traits in a
G10 advanced intercross population of mice [30], and in this study we made use of these
same mice to search for QTLs for skeletal traits. This population originated from crosses of
inbred C57BL/6J (B6) female mice with male HR mice [31]. The HR strain was derived
from a line of mice subjected to long-term artificial selection for high voluntary wheel
running on days 5 and 6 after wheel exposure [32]. Rearing of the mice through the ninth
generation was done as previously described [30,33], with pairs of mice in this generation
crossed to produce up to two litters each in the G10 generation. By roughly four weeks of
age, the G10 mice were randomly allocated into either a group fed a high-fat diet or a group
fed a control diet (see Table 1 in Leamy et al. [30] for details of these diets). When the G10
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mice were from 59 to 65 days of age, they were individually exposed to running wheels
during each of six consecutive days of access [33]. All mice were sacrificed shortly after the
exercise period (at 59 to 65 days of age), tail clips were taken for later extraction of DNA,
and the carcasses were stored at −30° C. All procedures were approved by the Institutional
Animal Care and Use Committee at the University of North Carolina at Chapel Hill.
After the G10 mouse carcasses were thawed overnight, six skeletal traits were measured as
previously described in detail by Farber et al. [22]. The traits included three areal bone
mineral density (BMD) measures taken with a Lunar PIXimus II densitometer (GE
Healthcare, Piscataway, NJ, USA): femoral BMD (FBMD), vertebral BMD (VBMD) and
total BMD (TBMD). After all BMD measurements were completed, right femurs were
removed from each mouse, and femoral length (FL), anteroposterior femoral width (AP),
and mediolateral femoral width (ML) were measured with digital calipers to the nearest 0.01
mm. Both AP and ML measurements were taken at mid-diaphysis just below the gluteal
tuberosity [22]. For the three BMD traits, 466 mice were measured and available for
analysis, including 230 males (114 in the control and 116 in the high-fat diet group) and 236
females (115 in the control and 121 in the high-fat diet group). Sample sizes for femoral
length (total = 442) and the two femoral width traits (total = 454) were slightly less (see
Table 1).
Genotyping of SNPs in each mouse was accomplished by the Mouse Universal Genotyping
Array, MUGA [34]. We used a total of 2058 fully informative SNPs located throughout the
genome, a list of which is provided in Appendix 1 of Leamy et al. [30]. The number of SNPs
on each chromosome varied from 47 (chromosome 17) to 170 (chromosome 2), with an
average intermarker distance of 1223 kb and a standard deviation of 1871 kb. Additional
details are given in Leamy et al. [30].
2.2 Statistical analysis
Prior to the QTL analyses, we first calculated basic statistics for each of the skeletal traits
and examined their distributions after adjustment for appropriate sources of variation. For all
six traits, adjustments were made for potential effects of sex, diet, age, litter size, cohort, and
body weight at sacrifice. And for the three BMD traits, we included the x and y coordinates
from the scans to correct for potential positioning effects for each mouse during the imaging
process [22]. After these adjustments, five of the six skeletal traits exhibited normal
distributions (P > 0.05 in Kolmogorov-Smirnov tests) whereas one trait, FL, showed
significant platykurtosis. We also calculated correlations among the six (adjusted) skeletal
traits (adjusted as described previously; [30]), and evaluated them for significance with the
false-discovery-rate procedure [35].
We used the same procedure for mapping skeletal QTLs as we did previously to map QTLs
for 10 body weight and composition traits in this same G10 mouse population [30]. This
approach involved the use of the QTLRel program implemented in R that is especially
appropriate for advanced intercross populations where there is inherent relatedness among
individuals [36,37]. As before, we used the Haley-Knott interval mapping [38] option in this
package that imputed genotypic values between any adjacent markers separated by more
than 1 cM, effectively resulting in an increase in the total number of markers to 3023. The
model used in the QTLRel program included additive and dominance index values and the
appropriate covariates for each trait as outlined above, and produced likelihood ratio values
at each of the markers throughout the genome that were converted into LOD scores.
We calculated both 5% experimentwise and 5% chromosomewise thresholds for testing the
significance of the LOD scores with the traditional permutation method (1000 replications)
of Churchill and Doerge [39]. Chromosomewise values were used in our previous study [30]
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and were appropriate here as well because the 20 chromosomes are in linkage equilibrium
and also differ in length and in the density of their markers. Further, for each trait only a
single QTL among the 20 chromosomes is expected to exceed these chromosomewise
threshold values by chance alone. This minimizes rare false positive results while potentially
detecting additional true QTLs that would be missed using only the more stringent
experimentwise threshold values [40–42]. Experimentwise threshold values ranged from
4.172 (AP) to 4.440 (FL), averaging 4.302. Chromosomewise threshold (suggestive) values
were fairly similar for the six traits (means over all chromosomes varied from 2.79 to 2.86),
although they exhibited more variability among the chromosomes (mean over all traits
varied from 2.68 for chromosome 15 to 3.05 for chromosome 1).
The highest LOD scores on each chromosome that met or exceeded the chromosomewise
levels of significance were considered to represent the sites of putative QTLs. If the LOD
score distributions showed more than one peak exceeding the threshold value, the peaks
were assumed to represent multiple QTLs if a drop of at least 1.5 LOD units separated them.
Support intervals for each QTL were defined by 1.5 LOD drops on each side of the peak
positions [43]. At each QTL site, QTLRel computed additive (a) and dominance genotypic
values (d) via partial regressions, and tested them for significance (P < 0.05) via individual t-
tests. The additive genotypic value is defined as one-half the difference between the values
for the two homozygotes, where positive values indicate that the HR allele increases, and
negative values indicate that the HR allele decreases, the mean of the trait. The dominance
genotypic value is defined as the difference between the mid-homozygous and the
heterozygous values, and where significant, indicates that the QTLs exhibit dominance [44].
We also used QTLRel to estimate the percentage of the total phenotypic variation for the
traits explained by each QTL.
At each of the sites of the QTLs discovered, we used an option in QTLRel that allowed us to
test for potential interactions of the QTLs with sex and with diet. QTLRel calculated
likelihood values in models run with and without sex (diet) by QTL interactions and
generated a probability for the difference between the two models that we regarded as
significant if it was less than 0.05 [30]. A significant sex by QTL or diet by QTL interaction
was interpreted to mean that the genotypes affected the trait values differentially depending
on the level of sex (males or females) or diet (control or high fat). Where found, we
examined the effect of the QTL in the separate sexes or diets and used chromosomewise
threshold LOD scores to assess significance.
Once all QTLs for the skeletal traits in the G10 mice were discovered, we were interested in
assessing the extent of their replication with those found by Farber et al. [22] for these same
traits in the G4 population of mice from the same original cross. However, the G4 mice were
derived from both reciprocal mating types whereas our G10 mice were derived from only
one mating type (B6 females X HR males). To appropriately assess QTL replication,
therefore, we first conducted QTL analyses as before [22] for the six skeletal traits in the G4
population, but only for the mice produced from crosses of B6 females X HR males. Once
the QTL sites in this new analysis were identified, we tested them for replication. This was
done by testing for QTLs in the G10 mice using the procedures described above, but only for
the SNPs closest to the sites of the G4 QTLs. Any sites with a LOD score of 1.30 (P < 0.05)
or higher were assumed to indicate QTL replication [45,46].
3. Results
3.1 Basic Statistics
Basic statistics for the six (unadjusted) skeletal traits in male and female G10 mice fed the
control and the high-fat diet are given in Table 1. All values are shown for the separate sexes
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because of the multivariate significance of sex differences. Male mice show greater means
than females in all cases, and these differences reached statistical significance (P < 0.05) in
preliminary ANOVAs for four of these traits (all except ML and FBMD). Across both sexes,
the means for all traits are similar for mice fed the high-fat compared to the control diet,
differences being statistically significant only for ML.
Table 2 shows pairwise correlations among the six skeletal traits (all adjusted appropriately
for the effects of sex, diet, etc.). All 15 correlations among the six skeletal traits measured in
the G10 mice are positive in sign and 13 of the 15 values are significant. Most are moderate
in magnitude, although the correlations of TBMD with both FBMD and VBMD are high
(+0.74 and +0.78).
3.2 Skeletal QTLs
Table 3 gives the basic statistics for all QTLs affecting the six skeletal traits in the G10 mice.
A total of 50 QTLs were discovered, including thirteen that reached the experimentwise
level of significance. The number of QTLs varies among the traits, being highest for TBMD
(11) and lowest for FBMD (6). QTLs are found on 17 of the 20 chromosomes (all except
chromosomes 6, 13, and 18), with chromosome 1 (10 occurrences) easily being the most
represented. QTLs on this chromosome affect 5 of the 6 traits, and show five separate peaks
at 74.9–76.7 Mb, 156.8 Mb, 175.6–176.9 Mb, 185.6–188.1 Mb, and 191.6 Mb. Confidence
intervals for the 50 QTLs average 13.6 Mb with a standard deviation of 9.38 Mb.
Pleiotropy is evident for some of the QTLs affecting the skeletal traits. The four QTLs on
chromosome 14 affecting VBMD, TBMD, AP, and ML, for example, all have similar
locations (44.3 Mb to 49.1, see Figure 1) and may represent a single gene or set of closely
linked genes with pleiotropic effects on these traits. Altogether, 32 of the 50 QTLs have
non-overlapping confidence intervals, suggesting that there may be no more than 32 unique
QTLs affecting these traits. The majority (23) of the 32 unique QTLs affect only one trait,
however, so pleiotropy is not extensive.
Most (41) of the 50 skeletal QTLs exhibit significant additive genotypic effects, while only
14 show significant dominance effects. This disparity is produced primarily by the BMD
traits, however, where all 26 QTLs affecting these traits show significant additive effects
and only 4 exhibit significant dominance effects. The mean of the (absolute) additive values
exhibited by the QTLs affecting these traits (0.0012) also is considerably higher than the
mean of the (absolute) dominance values (0.00055). Among the QTLs affecting the three
femoral morphometric traits, the proportions of QTLs exhibiting significant additive (15/24)
and dominance effects (10/24) are comparable (P > 0.05 in a chi-square test). Consistent
with this, the means of the absolute additive (0.051) and dominance effects (0.043) exhibited
by these QTLs are similar in magnitude.
The percentage of the phenotypic variation explained by the skeletal QTLs ranges from
1.08% to 8.87%, while averaging 2.4%. The variation explained by the BMD QTLs (mean =
2.57%) is comparable to that for the femoral QTLs (2.12%). The highest percentages
explained are seen for a QTL on chromosome 10 affecting ML (8.87%), and two QTLs on
chromosome 1 affecting VBMD (7.07% and 6.00%).
3.3 Comparison with G4 results
The results of the QTL reanalysis of the G4 mice produced only from crosses of B6 females
X HR males are shown in Table 4. To be consistent with the previous study [22], QTLs are
listed for all LOD scores reaching the 0.05 or 0.1 experimentwise level of significance.
Altogether, 24 QTLs were found on 11 different chromosomes, with an average confidence
interval of 18.5 Mb. Tests at the sites of these G4 QTLs in the G10 population showed that 6
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produced significant LOD scores (bolded in Table 4), suggesting a QTL replication rate of
25%. We also can directly compare locations of the G4 (Table 4) and G10 (Table 3) QTLs,
and this shows that only 4 of the 24 total G4 QTLs (17%) have confidence intervals that
overlap with those of the G10 QTLs. Thus, the great majority of the G10 QTLs affecting the
six skeletal traits we discovered do not replicate those found in the G4 mice. In addition,
confidence intervals for the skeletal trait QTLs in the G10 population (Table 3) averaged
13.6 Mb (Table 5) compared to that of 18.5 Mb for QTLs in the G4 population (Table 4).
And this average of 13.6 MB would have dropped to about 9 Mb if we had used a 1-LOD
(rather than 1.5-LOD) drop criterion as did Farber et al. [22].
3.4 QTL interactions
Nine skeletal QTLs in the F10 population showed significant interactions with sex, including
five with the BMD traits and four with the femoral traits. Four of the QTLs affecting the
BMD traits are significant only in males, whereas two QTLs (affecting FL) are significant
only in female mice. The three remaining QTLs show significant, but differential, effects in
both sexes.
Only two QTLs, one on chromosome 19 affecting FL and one on chromosome 7 affecting
AP, showed interactions with the dietary environment. Tests showed that the effects of both
of these QTLs were significant only in mice fed the high-fat diet. As illustrated in Figure
2A, mice of all three genotypes at the chromosome 19 QTL fed the control diet show little
difference in FL whereas HR/B6 and B6/B6 individuals fed the high-fat diet show a
considerable increase in FL compared to HR/HR individuals. Similarly, a chromosome 7
QTL also has a significant effect on AP in mice fed the high-fat, but not the control diet
(Figure 2B); although in this case HR/HR mice on the high-fat diet show the highest mean
value.
4. Discussion
We undertook this study to discover QTLs for the six skeletal traits in mice in the G10
population, and to test whether their effects were modified by diet. We were successful in
this regard, uncovering a total of 50 QTLs representing 32 separate genomic sites that were
mapped with greater precision than was possible in the G4 population. Some of the skeletal
QTLs replicated those found in the G4 population, but most were different. Further, several
of these QTLs were sex-specific or showed differential effects in the two sexes, although
only two exhibited significant interactions with the dietary environment.
4.1 QTL replication
We found a 25% replication rate for the G4 QTLs for the skeletal traits in our G10 mouse
population (Table 4), lower than the 40% rate previously found for body weight and
composition traits in this population [30]. As discussed by Leamy et al. [30], there are a
number of possibilities for this lack of replication of some of the G4 QTLs. For example,
some of the G4 QTLs may have marginally reached significance but randomly failed to do
so in the G10 generation. Some G4 QTLs also may be false positives, or may be indicating
linked genes that have separately mapped in the G10 population without reaching
significance. And some of the replication failure may be due to the fact that one-half of the
G10 mice were fed a high-fat diet whereas all G4 mice were fed a standard diet. Although
this possibility is theoretically testable using the G10 mice fed only the control diet, the
usefulness of such a test would be limited with the reduction in sample size and
consequently also the statistical power to detect QTLs.
Leamy et al. [30] also suggested that some of the replication failure for the QTLs they found
for body weight and composition traits may have resulted from sampling variation in
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reduced sample sizes for some genotypes produced from drift in the genotypic frequencies
in the G10 mice. They tested this possibility by comparing the frequencies of the three
genotypes at the markers closest to the sites of the QTLs that replicated versus those that did
not replicate. This test in fact was statistically significant for their body weight and
composition traits, and showed that the replicate QTLs tended to be associated with higher
frequencies of the HR/HR genotype (and lower B6/B6 frequencies) compared with non-
replicate QTLs [30]. We performed this same test for the skeletal trait QTLs, and found that
the frequencies of HR/HR, HR/B6, and B6/B6 genotypes for the replicate (0.249, 0.461, and
0.290) and non-replicate QTLs (0.229, 0.483, 0.288) were not significantly different (P =
0.067). Thus it seems unlikely that genotypic drift accounts for the reduction in replication
of the QTLs for the skeletal traits in the G10 mice.
4.2 BMD QTLs
While many of the QTLs for the BMD traits were different from those found in the G4
population, most are at similar locations as QTLs for these traits found in other studies. For
example, the locations of 18 of the 26 QTLs for the three BMD traits (Table 3) are within
the confidence intervals for previously-mapped mouse BMD QTLs listed by Ackert-
Bicknell et al. [23]. This also is the case for 8 of the 9 BMD QTLs reaching experimentwise
significance, and even the single exception (a QTL on chromosome 4 affecting TBMD) has
a confidence interval that overlaps with the confidence interval of a QTL for BMD [23].
This suggests that some of our QTLs may well be replicates of others previously discovered,
although in many cases the congruence in mapping locations may be a simple consequence
of the moderate to large confidence intervals often associated with BMD QTLs.
The BMD QTLs we found on chromosome 1 that had a particularly prominent effect on all
three BMD traits may be the same as others previously uncovered in the distal region of this
chromosome [18,20,47]. Recently Beamer et al. [18] used congenic B6.C3H mouse lines to
refine the location of one of the BMD QTLs on chromosome 1 to an interval between
175.286 and 175.438 Mb, with expression data suggesting that AC084073.22 is the most
likely candidate gene for this QTL. It is therefore possible that this same gene may be
underlying the QTLs we found for FBMD (176.9 Mb), VBMD (176.2 Mb), and TBMD
(175.6 Mb). On the other hand, other possibilities for these QTLs exist, including Darc
(175.26 Mb), a gene that has been found to influence BMD in B6.CAST-1 congenic mice by
altering the rate of osteoclast formation [24], and both Ifi202 (175.9 Mb) and Ifi204 (175.7
Mb) that have been associated with bone development [26,48].
Another QTL more distally located on chromosome 1 also reached experimentwise
significance for both VBMD (185.6 Mb) and TBMD (188.4), and nearly did so for FBMD
(188.1). Tgfb2 (transforming growth factor, beta2) at 188.4 Mb is a good candidate for these
QTLs because this gene is known to promote osteoblast proliferation [49]. An even more
distal QTL at 191.6 Mb significantly affected TBMD, although it is difficult to know
whether it is truly distinct from the one at 188.4 Mb. This QTL disappeared when we reran
the analysis using a drop of 2 (rather than 1.5) to separate adjacent peaks. Nonetheless, these
several BMD QTL locations reflect the greater mapping precision of the G10 compared to
that in the G4 population where only one QTL on distal chromosome 1 (at 179 Mb) was
found to affect VBMD [22].
One QTL affecting VBMD was located on chromosome 5 at 4.0 Mb with a confidence
interval spanning from 4.0 to 4.6 Mb (NCBI37/mm9). Only three protein coding genes
reside in this interval: Akap9, Cyp51 and Gm9897. Cyp51 is an attractive candidate as it
produces an enzyme that catalyzes the demethylation of lanosterol or 24,25
dihydrolanosterol in the cholesterol synthesis pathway [50]. Furthermore, developing Cyp51
knockout embryos exhibit shortened and bowed limbs and synotosis of the femur and tibia
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at E14.5 [51]. In an eQTL study with the G4 mice, Cyp51 was regulated by a significant
eQTL in brain tissue as was Akap9 in muscle tissue (Kelly and Pomp, personal
communication). Further, perusal of the bioGPS database (http://biogps.org/
#goto=welcome) suggests that expression levels of Akap9 and Gm9897 are low and those
for Cyp51 are high in both osteoclasts and osteoblasts. These data suggest that Cyp51 is the
most likely candidate for the chromosome 5 QTL affecting VBMD; however, further work
is needed confirm this hypothesis.
Given the moderate to high phenotypic correlations among the three BMD traits (Table 2), it
was not surprising that there was evidence of pleiotropy among the QTLs affecting these
traits. Further, the pleiotropic patterns tended to reflect those for the correlations, these being
lowest for FBMD with VBMD (r = 0.56) and highest for FBMD and VBMD with TBMD
(0.72 and 0.78). Thus 5 of the 6 QTLs for FBMD, and 6 of the 9 QTLs for VBMD, had
confidence intervals that overlapped with QTLs for TBMD whereas only 3 of the 6 FBMD
QTLs appear to be the same as those affecting VBMD. This implies that there is a
combination of both common and independent genes that control BMD levels at separate
anatomical sites. Estimates of genetic correlations between human BMD levels in the spine,
hip, and ultradistal radius [52] and between the lumbar spine and femoral neck [53] are
moderate to high in magnitude, this also suggesting some commonality in the genetic
control of BMD in different regions.
4.3 Femoral QTLs
Although genetic studies of femoral size and shape are not as numerous as those of BMD,
some of the femoral QTLs previously uncovered are in similar locations to those we
discovered in the G10 mouse population. Using the Mouse Genome Informatics database
(www.informatics.jax.org), we found QTLs for femoral/long bone traits that are close to the
locations for 6 of the 7 QTLs for AP. This includes the only QTL (on chromosome 1)
reaching experimentwise significance that is precisely at the same site (74.9 Mb) as Lbn1, a
QTL affecting long bones in mice [54,55]. Indian hedgehog (Ihh) at 75.0 Mb on this
chromosome appears to be a likely possibility for this QTL since this gene has known
effects on osteoblast development in endochondral bones [56]. We also found previously-
mapped QTLs for femoral traits that were similar in location to 6 of the 9 QTLs we mapped
for ML. The QTL for ML on chromosome 8 at 98.2 Mb (Table 3) is of particular interest
because its confidence interval includes a QTL that Farber et al. [22] found for this trait in
the G4 mice. Based on gene expression data from osteoblasts and osteoclasts, Farber et al.
[22] suggested that Cadherin 11 (Cdh11), is a strong candidate gene for their QTL, and it is
a candidate for the QTL we found as well.
We also uncovered another ML QTL on chromosome 8 (94.7 Mb, CI: 91.5–96.7 Mb) that
exhibited the highest LOD score. Although no other limb bone QTLs appear to match this
location, we did previously find a QTL on chromosome 8 at a similar location (89.8 Mb;
confidence intervals overlap) that strongly affected the post-exercise percentage of fat and
lean tissue in this population of mice [30]. It therefore is possible that the gene underlying
this QTL has pleiotropic effects on the percentage of both fat and lean tissue as well as ML.
ML does correlate with both the percentage of fat (r = −0.27; P < 0.001) and lean tissue (r =
+0.22; P < 0.001) in the G10 mice, and interestingly, there is a gene (Fto) at 93.8 Mb on
chromosome 8 that affects body weight, adipose tissue, and metabolism [57]. A significant
cis eQTL (LOD = 10.4) was also mapped for this gene in muscle tissue (triceps surae) of the
G4 population of mice (Kelly and Pomp, personal communication).
We identified 8 QTLs for FL, none of which corresponded to the two QTLs for this trait
listed by Farber et al. [22] in the G4 mice. We did find previous QTLs for FL or associated
bone traits that were in similar locations for four of the 8 QTLs we discovered for this trait
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in the G10 mice, but these did not include the only QTL (on chromosome 16 at 36.2 Mb) that
reached experimentwise significance. Protein-coding genes in the confidence interval for
this QTL include Casr (calcium-sensing receptor) at 36.5 Mb. Casr would seem to be an
excellent candidate for this QTL because mutants produce altered levels of serum calcium
and parathyroid hormone, resulting in bone defects [58].
4.4 QTL Interactions
It was not surprising that we discovered several significant interactions with sex among the
QTLs affecting the BMD traits given that previous studies have uncovered a number of
BMD QTLs in various mouse populations with sex-dependent effects [23,44]. It was
interesting that four of the five QTLs showing sex interactions for the BMD traits were
male-specific, three of these four residing on chromosome 1. Beamer et al. [44] also found
male-specific QTLs in this same general region on chromosome 1 for BMD traits in their
mouse population. Among the femoral QTLs, two affecting FL were female-specific,
including one on chromosome 16 that reached experimentwise significance (Table 3). This
result increases the plausibility of Calcium sensing receptor as a candidate for this QTL
because Cheng et al. [59] showed that heterozygous knockouts of this gene produced bone
changes in female, but not male, mice.
We found that just two of the 50 total QTLs, one affecting FL and one affecting AP, also
interacted with diet. This proportion if much lower than that of 9 of 19 QTLs for FL that
Norgard et al. (2011) found interacting with diet in an F34 advanced intercross population of
mice. However, the mice in that study were fed either a high-fat or a control diet for 20
weeks as compared to the roughly five weeks of exposure we used. We did find 6 QTL by
diet interactions among 24 QTLs affecting post-exercise body weight and the percentage of
fat and lean tissue in our previous study using the F10 mice [30], suggesting that QTLs for
these sorts of traits may be more susceptible to differences in the dietary environment than
those governing bone traits. Norgard et al [60] also found this same pattern in comparisons
of dietary effects on QTLs for limb bone lengths versus those for obesity-related traits in
their mouse population.
It is difficult to know what genes might be reasonable candidates for the two QTLs we
discovered that interacted with diet, especially given the many possibilities in the confidence
intervals for these QTLs. There appear to be very few reports of QTLs for limb traits in
these specific locations on chromosome 7 and 19 [60], however, suggesting that the primary
action of the genes underlying these QTLs may be on other traits such as overall size,
growth, or metabolism that are more clearly dependent on diet, but also with pleiotropic
effects on FL and AP. As an example, Prcp (prolylcarboxypeptidase, angiotensinase C) is a
gene located on chromosome 7 (at 92.9 Mb) that when mutant results in lean and short mice
with decreased food intake that are resistant to obesity induced by a high-fat diet [61]. This
gene exhibited significant expression in brain tissue in the G4 mice [62], and clearly
represents an attractive candidate for a QTL we previously found on chromosome 7 (at 94.8)
that affected the percentage of lean tissue in the G10 mice variably depending on diet [30].
But it is easy to imagine that it also may a candidate for the diet-dependent QTL on this
chromosome (at 89.1) affecting AP (see Figure 2B). Further work will be required to isolate
these and other diet-dependent genes before we can understand the mechanisms involved in
their responses to dietary differences and assess their role in the formation of bone as well as
bone diseases such as osteoporosis.
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• We uncovered 50 quantitative trait loci (QTLs) affecting six skeletal traits in an
intercross population of mice.
• Several QTLs on distal chromosome 1 had large effects on the bone mineral
density (BMD) traits.
• Cyp51 is an attractive candidate for a BMD QTL located on chromosome 5.
• Diet and sex altered the presence and/or effects of some of the skeletal QTLs.
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Plot of the LOD scores for VBMD, TBMD, AP, and ML on chromosome 14.
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Mean genotypic values (with standard errors) of a QTL on chromosome 19 affecting FL (A)
and a QTL on chromosome 7 affecting AP (B), that vary depending on the diet.
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